We have performed ab initio calculations to investigate the adsorption of Li onto the clean and oxygenated diamond C͑100͒ surface. Despite a large amount of interest in alkali-metal absorption on clean and oxidized semiconductor surfaces for both fundamental and technological applications, lithium adsorption on the diamond surface has not been reported. We find that Li adopts structures on the clean C͑100͒ surface similar to those reported for Na, K, and Rb on diamond, though Li exhibits significantly higher binding energies in the range 2.7-3.1 eV per Li adsorbate. For the oxygenated C͑100͒-͑1 ϫ 1͒ : O surface, the lowest energy involving a full Li monolayer structure shows an exceptionally large work-function shift of −4.52 eV relative to the clean surface, an effect similar to that seen for Csu O on diamond, but with a higher binding energy of 4.7 eV per Li atom. We propose that such a system, if verified by experiment, is suitable for the surface coating of diamond-based vacuum electronic devices, as it should exhibit higher thermal stability than the commonly used Csu O surface while retaining the advantage of a large lowering of the work function.
I. INTRODUCTION
Diamond is a promising photocathode, field emitter, and thermionic emitter due to its chemical stability, high thermal conductivity, and the relative ease of inducing a negative electron affinity. A negative electron affinity, where the conduction-band minimum is at a higher energy than the vacuum level, is invariably induced by a surface treatment leading to an adsorbate [1] [2] [3] [4] or thin-film structure [5] [6] [7] on the diamond surface. For electron emission applications, a caesium submonolayer adsorbed on the oxygenated diamond surface has been investigated extensively due to the extremely low work function induced by the large Csu O dipole, reducing the work function of the bare diamond surface from 5.5-6 eV to around 1.25 eV. 3, 4, 8, 9 The caesium layer is relatively stable in air 9 but cannot withstand temperatures in excess of approximately 400°C, too low for thermionic applications. 3 As such, research into diamond thermionics has focused on the use of hydrogen termination, which is known to induce a negative electron affinity ͑NEA͒ of around −1 eV for a number of crystallographic planes of diamond. 10 Hydrogen has been observed 1 to evolve from the monohydride-terminated surface between 740-900°C, which is an acceptable upper bound for diamond thermionic converters currently of interest for solar power generation and heat recycling. The dipole generated by hydrogen on the diamond surface is, however, rather small, leading to measured work functions in the range 2.85-3.9 eV. 2, 10 For lowtemperature thermionic applications, work functions near 1 eV are desirable. Hence, thermally stable but highly polar surface structures are of interest.
Reported alternatives to hydrogen for inducing a NEA on diamond include thin metal films, 11 alkali-metal monolayers, 12 alkali-halide films, 5, 13 and alkali-oxide monolayers such as the aforementioned CsO coatings. The alkali metals feature prominently because of the strong polar bonds they form with other elements. Wong et al., investigated the work-function reduction due to thin films of lithium fluoride 5 and rubidium fluoride. 13 In the case of lithium fluoride, a relatively thick film of 15 Å reduces the work function of the ͑100͒ diamond surface to 2.4 eV, whereas rubidium fluoride requires a film of just 2 Å to reduce the work function to the range 2.0-2.5 eV. Potassium adsorption has been investigated by Petrick and Benndorf, 12 who report low sticking coefficients on the hydrogen-terminated diamond ͑100͒ surface but near-unity adsorption for an oxygen-terminated surface, strong evidence of the need for charge transfer and dipole formation in alkali-metal adsorption on diamond. Similarly, caesium is found to adsorb strongly on oxygenated diamond but not on the bare surface. 3 Alkali-metal adsorption on silicon and germanium has been the subject of a large number of experiments for more than three decades with considerable disagreement in the literature regarding adsorption sites and saturation coverages. Early experimental work showed a complex adsorption series inferred from low-energy electron-diffraction ͑LEED͒ images.
14 Although Levine's early work on Cs adsorption on Si͑100͒ suggested that saturation coverage was reached at 0.5 monolayers ͑MLs͒, 15 later experiments indicated that full monolayer coverage could be reached for smaller alkali metals via a "double-layer" structure on Si͑100͒ for K at least. [16] [17] [18] More recent measurements appear to validate the 0.5 ML coverage limit for Cs. 19 We should note that there is variation in the literature as to what constitutes a monolayer on a dimerized surface such as C͑100͒, Si͑100͒, or Ge͑100͒. Due to the reconstruction of such surfaces into dimer rows, there are two atoms per unit cell, making the traditional definition of a monolayer-one adsorbate atom per surface atomless suitable. Some authors prefer the convention that one monolayer equals one adsorbate per dimer, others use one adsorbate per unit cell. Here we use the latter-one monolayer corresponds to one adsorbate per 1 ϫ 1 cell, or equivalently, one adsorbate per top layer atom. In many studies of Si and Ge, alkali metals are used in conjunction with oxygen adsorption. 15, 20, 21 The work-function changes induced by oxygenation suggest that oxygen plays a role in modifying the surface dipoles created by alkali-metal adsorption. Similar effects have been observed on diamond surfaces, 4, 12, 22 motivating us to examine the lightest alkali metal, lithium, on diamond surfaces, on the basis that it should form stronger bonds with diamond than heavier alkali metals while still reducing the work function. Lithium adsorption on silicon has been the subject of both computational [23] [24] [25] and experimental 17, 26, 27 studies, however to the best of our knowledge, lithium adsorption on diamond has not been reported. It is generally found that up to a coverage of approximately 1 ML, Li adsorbs on Si in a similar fashion to hydrogen rather than at the Levine sites observed for the heavier alkali metals. At higher coverages, there is evidence that a silicide is formed. Both structures are distinct even from the next lightest alkali metal, sodium, and suggest a size effect is at play. 17 On this basis it is difficult to single out any analogous system for lithium adsorption on diamond, and therefore in the present work we make comparison with a range of systems on both diamond and silicon.
Lithium is widely used in organic light-emitting diodes and polymer solar-cell fabrication as a work-functionlowering interface material and electron injector, and as a result thin films are easily produced in situ using commercially available dispenser technology. It is therefore a potential practical candidate for inducing a low-work-function surface for vacuum microelectronic applications, particularly thermionic converters based on NEA diamond. In this paper, we report what we believe are the first ab initio calculations for lithium adsorbed onto the C͑100͒-͑2 ϫ 1͒ and C͑100͒-͑1 ϫ 1͒ : O surfaces. The properties of Li adsorption on diamond are found to be in general agreement with heavier alkali metals on diamond, silicon, and germanium. The most interesting result however, is that for the most tightly bound system consisting of a full monolayer of Li adsorbed onto a fully oxygenated C͑100͒ surface, the calculations yield a large negative electron affinity and high binding energy per Li atom.
II. COMPUTATIONAL DETAILS
Plane-wave density-functional theory ͑DFT͒ calculations were made using the CASTEP program 28 on the BlueCrystal Phase 2 high-performance computing cluster at the University of Bristol. The Perdew and Wang ͑PW91͒ functional 29 was used as the generalized gradient approximation to the exchange-correlation functional. Ultrasoft Vanderbilt pseudopotentials 30 were used for each of the atomic species of C, Li, H, and O considered in the present work. The pseudopotentials give bulk lattice constants for diamond and lithium of 3.57 Å and 3.46 Å, respectively, within 1.5% of the experimental values of 3.560 Å ͑Ref. 31͒ and 3.511 Å. 32 A plane-wave cutoff energy of 700 eV was used for all simulations. The C͑100͒ surface was modeled using a double-sided thick slab geometry with 22 layers of C atoms, approximately 21 Å of vacuum gap between opposing faces and simulation cell dimensions of 5.05 Å ϫ 2.52 Å ϫ 42.84 Å. The cell was oriented to give a single 2 ϫ 1 dimer unit on each end of the slab and two carbon atoms per layer. The cell dimensions were kept fixed during the calculation, using the lattice constant of 3.57 Å obtained from a separate calculation on a conventional eight-atom diamond unit cell. The double-sided slab geometry was used to ensure that the electric field decayed to zero between the two faces so that accurate workfunction calculations could be made. A Monkhorst-Pack grid 33 of 6 ϫ 6 ϫ 1 k points was found sufficient for the structural calculations while 12ϫ 12ϫ 1 k points were used for the density-of-states ͑DOS͒ calculations. For each structure, the geometry was optimized with a fixed unit cell via the Broyden, Fletcher, Goldfarb, and Shannon method with a convergence criterion of 0.02 eV/ Å. No atomic positions were constrained during the geometry optimization. Adsorption energies are calculated as
where E tot is the total calculated energy for the adsorbed surface, E substrate is the total energy of the preadsorbed surface, N is the number of adsorbate atoms in the simulation cell, and E atom is the total energy of the individual adsorbate calculated from the species pseudopotential. The adsorption energies are positive for stable adsorption. Work functions were calculated using the macroscopic averaging method of Fall, Binggeli, and Baldereschi. 34 First, a large 3 ϫ 3 conventional unit-cell bulk calculation involving 216 carbon atoms in the diamond structure was used to calculate the bulk Fermi level E f,b and hence the difference between E f,b and the plane-averaged mean electrostatic potential in the bulk, Ṽ es,b ,
The difference was then added to the mean electrostatic potential within the slab to find the appropriate Fermi level for the slab E f,s . The difference between the mean vacuum level in the vacuum gap region E vac and the slab Fermi level gives the work function,
The same method using the full local potential including exchange/correlation led to essentially identical physical quantities, most likely because of the large vacuum gap and symmetric geometry leading to a reliable vacuum level. The electron affinity was calculated by subtracting the vacuum level from the conduction-band minimum, taken as the slab Fermi level plus the experimental diamond band gap of 5.47 eV.
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III. RESULTS
A. Base structures
There are a number of experimental and theoretical reports of the structure of clean, annealed and hydrogen/ oxygen terminated ͑100͒ diamond that can be used to check our methodology. The principal experimental studies are the investigation of the electron affinity of the C͑100͒ surface by Maier 36 and Baumann. 1 The clean, unreconstructed C͑100͒ surface has two dangling electrons per surface atom, leading to a large number of structural possibilities. Freshly grown chemical-vapor deposition diamond surfaces tend to be monohydride terminated. The monohydride surface exhibits a 2ϫ 1 LEED pattern 37 consistent with the formation of single C u H bonds on top of a reconstructed symmetric dimer row structure. [38] [39] [40] Natural or high-pressure, hightemperature synthetic diamonds have a mix of hydrogen and oxygen terminations. Oxygen can attach to the C͑100͒ surface in a number of ways, generally showing a 1 ϫ 1 LEED pattern. [41] [42] [43] The carbonyl ͑or ketone͒ structure, consisting of a double bond between carbon and oxygen above every surface site, has been calculated to be slightly higher in energy than the ether bridging structure where oxygen atoms bond between and across atomic sites. A high-temperature anneal can be used to remove both hydrogen and oxygen, leaving a clean 2 ϫ 1 reconstructed surface. Hydrogen is reported 44 to begin to leave the surface at approximately 740°C and be completely absent ͑after a suitable annealing time͒ between 900-1050°C, whereas Auger electron spectroscopy results 1 continue to show an oxygen peak until above 1050-1100°C.
Our ab initio results for these basic structures appear in Table I , showing the dimer and adsorbate bond lengths, adsorption energies per adatom and electron affinity. Note that we refer to the monohydride surface as C͑100͒-͑2 ϫ 1͒ :2H as there are two hydrogen atoms per surface unit cell. The associated structures appear in Fig. 1 . The results generally agree very well with other theoretical results with the exception of the adsorption energies, which are more strongly affected by the method of computation. For the clean C͑100͒-2 ϫ 1 surface we find a work function of 6.1 eV, leading to a small positive electron affinity of 0.6 eV, consistent with the experimental findings of 0.75 eV by Baumann 1 and 0.50 eV by Maier. 36 Our values are also consistent with those calculated by Robertson 45 and van der Weide. 46 The positive electron affinity is consistent with the strong dimer double bond for the clean surface giving an increased electron density in the top layer compared to subsurface layers.
Placing atomic hydrogen above the dimer sites optimises to the same 2 ϫ 1 monohydride structure obtained if the hydrogen is placed above the surface atoms of the unreconstructed surface. The underlying dimer bond length increases upon hydrogen adsorption, consistent with the transfer of electrons from the double carbon-carbon bond to individual carbon-hydrogen bonds. The hydrogen termination layer reduces the work function of diamond to 3.5 eV, in reasonable agreement with the experimental result of 3.9 eV, 48 and leads to an electron affinity of −1.95 eV. Such an NEA value agrees fairly well with the experimental results of Maier, 36 though we note that it seems generally the theoretical calculations tend to be more negative than experiment.
For the oxygen-terminated surfaces, both carbonyl and ether bridge bonding configurations are found to be stable with bond lengths consistent with their bonding type. We find the ether bond structure is slightly lower in energy by 0.32 eV, agreeing with other DFT studies 45, 49 but theoretical results using other methods show some variance based on the surface lattice parameter used and the oxygen coverage. 42, 43 We note that our results suggest that a full monolayer coverage of oxygen in either structure induces a very large positive electron affinity ranging from 2.63 eV for the ether bridge structure to 3.75 eV for the carbonyl structure. These values agree well with the calculations of Rutter and Robertson. 45 It is not clear whether the reported experimental values 1,36 of 1.7 and 1.45 eV are due to ether, ketone, or mixed coverage, though both are significantly less than all the calculated results. It was speculated by Maier 36 that some of the difference between experimental and theoretical values of the electron affinity may be at least partly due to incomplete coverage layers of the adsorbate under investigation, particularly for oxygen coverage.
B. Lithium on the clean C(100) surface
We first consider adsorption of lithium onto the clean and reconstructed C͑100͒-͑2 ϫ 1͒ surface. Figure 2 shows the sites suggested by previous authors 25, 50 as the most likely adsorption sites for alkali metals on the Si͑100͒ surface, called pedestal ͑HH͒, bridge ͑HB͒, valley-bridge ͑T3͒, and cave ͑T4͒ sites. The exact site of adsorption for 0.5 ML for the various alkali metals on Si͑100͒ and Ge͑100͒ has been the subject of much debate, as has the possibility of doublelayer adsorption leading to 1 ML coverage. 16, 19, [51] [52] [53] [54] [55] The Levine sites suggested for silicon have been proposed by others as the likely adsorption sites for alkali-metal species on diamond [56] [57] [58] and these are the locally stable sites found in the present work. Our adsorption energies, bond lengths, calculated work functions, and electron affinities for lithium adsorption at these sites appear in Table II , with associated lowest energy structures in Fig. 3 .
For 0.5 ML adsorption, we find that the T3 valley-bridge position is the lowest in energy, the pedestal and cave positions are higher energy but very similar to each other, and the bridge position is the highest energy. The same energy variation is found for K and Rb on Ge͑100͒, 54 but not for Na, though the differences are small enough to be accounted for by variations in computational method and simulation parameters. Likewise, the order of the adsorption energies for Li on C͑100͒ is generally different to those calculated for Na on Si͑100͒, which might otherwise be considered an analogous system. 16, 51, 53 For diamond surfaces, our results are consistent with those of Nie et al. 57, 58 who found that Na, K, and Rb preferred valley bridge adsorption. When Li is adsorbed, the dimer bond is longer ͑1.46-1.53 A͒ than the clean reconstructed dimer bond ͑1.38 A͒ which is consistent with a more single-bond character. A projection onto the atomic orbitals of lithium suggests there is Li 2s / 2p hybridization. For the preferred T3 adsorption site, each Li atom gains a charge of approximately +0.8e. Both the first and second layer carbon atoms gain negative charge in response. The combination of these properties supports a polar covalent interpretation similar to that inferred experimentally by Johansson 17 and Tikhov 52 for alkali metals on Si͑100͒. Like hydrogen, the adsorption of lithium is predicted to significantly reduce the diamond work function and induce a negative electron affinity. For a 0.5 ML coverage of Li, the most stable valley-bridge position gives a work function shift of −2.07 eV which is significantly smaller than the values calculated by Nie et al. for Na, K, and Rb adsorption. 57, 58 We suggest that the larger size of the heavier alkali metals leads to a larger induced dipole per adsorption site.
For 1 ML coverage of Li, our results suggest that the HH-T3 combination is slightly favored over the alternative combinations shown in Table II . The HH-T3 combination appears to be generally favored for double-layer models that accommodate 1 ML adsorption. 51, 54, 59 The important result here is that our adsorption energies per atom for the 1 ML system are approximately the same or larger than those for the 0. 5 57 give a 24% reduction in adsorption energy per adsorbate going from 0.5 to 1 ML Na coverage on C͑100͒ and a 75% reduction for a similar change of K coverage. We note that their calculations for Rb ͑Ref. 58͒ do not follow this trend, and further, other structural parameters such as the dimer bond length do not monotonically vary with alkali-metal size.
We find that the work-function shift as a function of Li coverage does not show the prominent minima at 0.5 ML predicted for Na and K. In fact, for 1 ML of Li in the HB-T3 combination, the work-function shift for the full coverage is more than 1 eV greater than the sum of the shifts caused by the individual 0.5 ML coverages of Li in the bridge or valley-bridge positions. Similarly, for the energetically favorable HH-T3 combination, the work-function shift of the full monolayer is larger than that of the constituent 0.5 ML. From this we conclude that dipole depolarization is not significant for the Li-adsorbed surface at these coverages, in contrast to the heavier alkali metals. On the other hand, the monotonic decrease in the work function with increasing lithium concentration is consistent with the calculations for Na on Si͑100͒, 60 suggesting again that a size effect is responsible for the difference between Li and the other alkali metals on diamond. Efforts are underway to locate the exact workfunction minimum as a function of increasing coverage.
Electronically, all the optimized structures predict a negative electron affinity for Li absorbed on C͑100͒-͑2 ϫ 1͒, varying from −1.15 to −2.7 eV. The two lowest energy configurations give negative electron affinities of −1.45 and −2.7 eV for 0.5 ML and 1 ML of Li, respectively. These values are comparable to the values obtained for hydrogen adsorption, although the Li absorbates are less strongly bound, and for practical use a "sticking" layer is likely to be necessary. For this reason we have investigated the adsorption of Li onto oxygenated diamond surfaces in analogy with previous experimental work showing the sticking coefficient for alkali metals on diamond is much higher when the surface is oxygen terminated.
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C. Lithium on C(100)-(1 Ã 1):O
The symmetry of the ͑1 ϫ 1͒ : O surface termination on diamond ͑100͒ reduces the number of distinct high symmetry sites shown in Fig. 2 to two: the HB and T4 sites of the clean surface become equivalent, as do the HH and T3 sites. We denote these two unique sites the oxygen bridge position ͑OB͒, where the lithium adsorbate has two O nearest neighbors, and the oxygen pedestal position ͑OP͒, where it has four O neighbors. Carbon dimer rows form for full monolayer coverage and hence for the monolayer case we use the standard positions of HH, HB, T3, and T4. Finally, since computational results tend to place the ether ͑bridge͒ and ketone ͑carbonyl͒ oxygen bonding structures very close in energy, we have investigated Li adsorption for both cases. However, in some cases the resulting final structure is identical. For simplicity we present only the stable, unique structures, with adsorption energies for adsorption on ketone and ether bonded surfaces suffixed by K and E, respectively, when appropriate. Our calculated results appear in Table III . Figure 4 shows the lowest energy structures for 0.5 and 1 ML coverage of Li on C͑100͒-͑1 ϫ 1͒ : O. The lowest energy structure occurs where each oxygen sits vertically over a single carbon atom and Li sits in the pedestal site over the oxygen monolayer. As might be expected, the surface potential landscape for ether-bonded diamond seems considerably more complex than that of the clean reconstructed diamond surface. For example, the OB-adsorbed structure on the ether-bonded surface appears not to be a local minimum and results in a highly asymmetric structure with both C u O bonds canted in the same direction. The carbon-oxygen bond for the OP/OB adsorbed, ketone-bonded surface changes only slightly, with a small decrease in bond population and increase in bond length. However Li adsorption at the OP site breaks the bridge structure of the ether-bonded surface and yields the same final configuration as for the ketonebonded surface.
For 1 ML Li adsorption, there are three unique Li adsorption site pairs; the pedestal-valley-bridge ͑HH-T3͒, bridgevalley-bridge ͑HB-T3͒, and bridge-cave ͑HB-T4͒ pairs, to adapt the terminology used earlier. On the ketone-bonded oxygen surface, all three adsorption site pairs lead to unique structures, with the HH-T3 structure having the lowest energy overall, as seen with Li adsorption on the clean surface. On the ether-bonded structure, stable 1 ML coverage again requires the C u O u C bridges to be broken to form vertical C u O bonds similar to that observed for the 0.5 ML pedestal-site adsorption. This only occurred for the HH-T3 and HB-T3 configurations. The final state in each of these is identical to that found for HH-T3 and HB-T3 adsorption on the ketone-bonded surface. Attempting to optimize the HB-T4 configuration in the ether structure always resulted in the Li atoms moving away from the surface.
The lowest energy structure, the HH-T3 monolayer, has a binding energy of 4.7 eV per Li atom, which is comparable to hydrogen adsorption on the clean diamond surface ͑5.3 eV per H atom͒ and much higher than that calculated for Cs on oxygenated diamond 8 ͑1.34 eV per Cs atom͒. The binding energy per Li for 1 ML is almost identical to that for 0.5 ML, indicating interaction between the Li atoms on the surface is minimal, as found for adsorption on the clean surface earlier.
The most interesting feature of the surface is that there is a very large work-function shift of −4.52 eV. In our calculation, the average potential in the bulk is −5.9 eV, with the vacuum level at 6.2 eV. Adding 10.52 eV to the average potential gives the Fermi level for the slab, which lies approximately 1.6 eV below the vacuum level and yields an electron affinity of −3.9 eV. Although caesiated oxygen terminated surfaces are predicted to have lower work functions down to 1.25 eV, the Li monolayer structure suggested here is more strongly bound and more useful for highertemperature applications.
The adsorption of Li to 1 ML into the HH and T3 positions forces a slight reconstruction of the oxygen monolayer and the first layer carbon. Unlike the 0.5 ML case, the carbon-oxygen bonds take on a more single-bonded character and the first layer of carbon atoms dimerize but with a much larger dimer bond length of 1.65 Å compared to the usual 1.38 Å of the clean surface, consistent with a single bond. The surface unit cell is therefore very nearly ͑but not exactly͒ a ͑1 ϫ 1͒ structure with a LiO basis. Therefore, for simplicity we henceforth refer to this structure as C͑100͒-͑1 ϫ 1͒ : LiO. Each oxygen atom is surrounded by four lithium atoms, reminiscent of the structure suggested by Parker and Rhead 61 for the adsorption of oxygen on lithiumcoated Ag͑111͒.
A more careful examination of the bonding is warranted to determine the distribution of electron density that gives rise to the surface dipole. Consider the DOS projected onto surface oxygen, first layer carbon and midlayer carbon atoms as shown in Fig. 5 , for the C͑100͒-͑1 ϫ 1͒ : O and C͑100͒-͑1 ϫ 1͒ : LiO structures. For the surface without lithium in Fig. 5͑a͒ , the midlayer carbons have broad features indicative of sp 3 character as would be expected for diamond, while the first layer carbon atoms have increased sp 2 character matching with the oxygen states. The lone-pair levels for oxygen appear as sharp, nonbonding peaks mostly within the band gap. The projected DOS ͑PDOS͒ structure is very similar to that calculated by Zheng et al., 62 though in their case the lone-pair levels appear to be more closely spaced. In contrast to the oxygenated surface, the projected DOS for the C͑100͒-͑1 ϫ 1͒ : LiO structure in Fig. 5͑b͒ shows the oxygen lone pair levels significantly shifted down in energy giving overlap with the bulk levels, apparently allowing delocalization ͑as evidenced by the broadening͒ and a general shift of negative charge away from the surface. The downshift in the oxygen electron energies is consistent with the presence of the positive Li + ion and bonding of an ionic character. The atomic population for Li indicates partial hybridization with 0.27-0.31 electrons in the 2p states. In the present case, the ionic bonds appear to be reducing the en- ergy of the surface enough to remove the occupied band gap states.
It is natural to consider how the electron density for these upper level states shifts upon Li adsorption onto the oxygenated surface. Although the Kohn-Sham orbitals do not represent single-electron bonds, it has been suggested that they are at least as useful as other approximate molecular orbitals 63, 64 to generate a bonding perspective and have been used a great deal for visualization in quantum chemistry. Figure 6 shows the sum of electron densities generated by the Kohn-Sham eigenstates for a particular subset of bands for the C͑100͒-͑1 ϫ 1͒ : O system. Each group of bands corresponds to a set of strongly localized orbitals with p-like, -like, or -like shapes, as might be expected for conventional C v O bonding. For example, the bands giving the electron density in Fig. 6͑d͒ are the six highest Kohn-Sham occupied eigenstates. These states have energies near −2.44, −1.47, and −0.34 eV relative to the Fermi level, and hence it can be seen that they are the source of the sharply peaked states in Fig. 5͑a͒ .
For the C͑100͒-͑1 ϫ 1͒ : LiO surface, only the two highestenergy occupied bands show significant localization above the delocalized levels ͓Fig. 7͑a͔͒. Further, each of the two bands are localized on opposite faces of our model slab, thus physically there are only two surface-localized electrons near the Fermi level per surface unit cell. The remaining occupied bands near the Fermi level show delocalization over at least the first few atomic layers of the substrate ͓Fig. 7͑b͔͒ as expected from the corresponding projected density of states in Fig. 5͑b͒ . Instead of isolated bands leading to distinctive bonding shapes between the top atomic layers, the higherenergy occupied bands that correspond to lone pairs for the C͑100͒-͑1 ϫ 1͒ : O surface tend to show charge distributed across the upper layers for the C͑100͒-͑1 ϫ 1͒ : LiO surface. We suggest that these effects account for what must be a significant dipole effect in shifting the work function by −4.52 eV. The viewpoint we propose here may be applicable to other systems such as Na on Si͑100͒ or K on Ge͑100͒, however, we note that for the large alkali metals such as Cs, a more conventional dipole model based on atomic centers has been applied with some success for both C͑100͒ and Si͑100͒. 14 We should also make clear that we are not suggesting Li and O are coadsorbed to the surface carbons in the sense of Albano. 65 The central reason the present case differs from previous work is that Li appears to accommodate into the oxygenated surface system without serious structural distortion, leading to a different electronic effect than that observed for the heavier alkali metals. For example, for Cs on oxygenated diamond, Pickett 8 has shown that repulsion between the Cs 5p semicore states and C u O bonding states is a contributing factor to the surface dipole, whereas in the case of Li, the core 1s states are much lower in energy than those of the lattice and should not interact.
Finally, we should make clear here that these calculations have been made for intrinsic diamond only, and do not include the effects of band bending induced by the presence of dopants and surface defects, which is why we have emphasized the work-function shift for the adsorbates rather than the absolute work function. In electron emission applications, it is likely that a doping diamond substrate would be needed for practical devices. Nevertheless, the present study suggests that the C͑100͒-͑1 ϫ 1͒ : LiO system is a good candidate for the active surface of such devices due to the high binding energy of the adsorbate and the large work-function shift induced by lithium adsorption. 
IV. CONCLUSIONS
We have performed ab initio calculations for Li adsorption on the clean C͑100͒-͑2 ϫ 1͒ and C͑100͒-͑1 ϫ 1͒ : O surfaces. We find that on the clean surfaces, the preferred adsorption sites agree with those generally agreed as the preferred adsorption sites for other alkali metals, and that the work-function shifts are consistent with those calculated and observed for alkali metals such as Na and K on diamond. We find the binding energy for Li adsorbed layers to be higher for Li than those reported for Na, K, and Rb. Our observation of monotonically decreasing work function as the coverage changes from 0 to 0.5 to 1 ML agrees with calculations for the structurally similar Na on Si͑100͒ system but contrasts with the calculated results for Na, K, and Rb on diamond. For the oxygenated C͑100͒-͑1 ϫ 1͒ : O surface we find Li adsorption appears to require either that the oxygen surface structure has a ketone C v O character or that C u O u C bridge bonds are broken such that the underlying oxygen monolayer has a single oxygen above each carbon. The binding energies of Li to the oxygenated surface are much higher than the binding energies of Li to the bare surface, and are large enough to be competitive with hydrogen as an active surface for diamond electron emitters. We calculate that the energetically preferred structure for 1 ML coverage has a binding energy of 4.7 eV per lithium atom and yields a large work-function shift of approximately −4.52 eV with a negative electron affinity of −3.9 eV. Our calculations suggest that Li adsorption leads to partial delocalization of charges that would otherwise be bound tightly to the surface, leading to a large effective dipole. Based on the large work-function shifts and strong binding energies we propose that the 1 ML Li on C͑100͒-͑1 ϫ 1͒ : O system is a possible candidate for low work-function applications, in particular, field and thermionic emission devices.
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